Specific small deletions within the rpoC gene encoding the β′-subunit of RNA polymerase (RNAP) are found repeatedly after adaptation of Escherichia coli K-12 MG1655 to growth in minimal media. Here we present a multiscale analysis of these mutations. At the physiological level, the mutants grow 60% faster than the parent strain and convert the carbon source 15-35% more efficiently to biomass, but grow about 30% slower than the parent strain in rich medium. At the molecular level, the kinetic parameters of the mutated RNAP were found to be altered, resulting in a 4-to 30-fold decrease in open complex longevity at an rRNA promoter and a ∼10-fold decrease in transcriptional pausing, with consequent increase in transcript elongation rate. At a genome-scale, systems biology level, gene expression changes between the parent strain and adapted RNAP mutants reveal large-scale systematic transcriptional changes that influence specific cellular processes, including strong down-regulation of motility, acid resistance, fimbria, and curlin genes. RNAP genome-binding maps reveal redistribution of RNAP that may facilitate relief of a metabolic bottleneck to growth. These findings suggest that reprogramming the kinetic parameters of RNAP through specific mutations allows regulatory adaptation for optimal growth in new environments.
Specific small deletions within the rpoC gene encoding the β′-subunit of RNA polymerase (RNAP) are found repeatedly after adaptation of Escherichia coli K-12 MG1655 to growth in minimal media. Here we present a multiscale analysis of these mutations. At the physiological level, the mutants grow 60% faster than the parent strain and convert the carbon source 15-35% more efficiently to biomass, but grow about 30% slower than the parent strain in rich medium. At the molecular level, the kinetic parameters of the mutated RNAP were found to be altered, resulting in a 4-to 30-fold decrease in open complex longevity at an rRNA promoter and a ∼10-fold decrease in transcriptional pausing, with consequent increase in transcript elongation rate. At a genome-scale, systems biology level, gene expression changes between the parent strain and adapted RNAP mutants reveal large-scale systematic transcriptional changes that influence specific cellular processes, including strong down-regulation of motility, acid resistance, fimbria, and curlin genes. RNAP genome-binding maps reveal redistribution of RNAP that may facilitate relief of a metabolic bottleneck to growth. These findings suggest that reprogramming the kinetic parameters of RNAP through specific mutations allows regulatory adaptation for optimal growth in new environments.
kinetics | stringent response | transcription M utations to the primary RNAP genes in bacteria (rpoABCZ encoding the core α, β, β′, and ω subunits and rpoD encoding the housekeeping σ 70 subunit) exhibit a wide range of pleiotropic effects on bacterial phenotypes (1) (2) (3) (4) (5) , and it has been said that mutations to RNAP genes can satisfy virtually any selection (6) . We recently described the discovery of mutations in rpoB and rpoC following adaptive evolution of Escherichia coli K-12 MG1655 in glycerol M9 minimal medium (GMM) over a period of several weeks (7) . Competition experiments using mutants harboring individual mutations acquired during adaptive evolution in glycerol showed that changes to the RNAP were the most dominant driving force of adaptation to this condition (8) .
Some RNAP mutants exhibit changes in initiation kinetics that resemble the effects of elevated (p)ppGpp on RNAP that occur during the stringent response (3) . Further, (p)ppGpp is required for growth of E. coli in minimal media (9) , which raised the possibility that the adaptive changes to RNAP might permanently change the enzyme in ways similar to that achieved transiently by (p)ppGpp binding. Thus, we suggested that these mutations could be adaptive through effects on transcription that might be related to those exerted by (p)ppGpp (7) .
Regulation of RNAP by (p)ppGpp, reviewed in refs. 10 and 11, is modulated by the protein DksA, which binds in the RNAP secondary channel. Binding of DksA or (p)ppGpp to the RNAP alone or together deceases the kinetic stability (i.e., lifetime or longevity) of open complexes and causes decreased transcription from promoters that form short-lived open complexes (e.g., promoters for ribosomal RNA synthesis) and increased transcription from promoters that form long-lived open complexes but bind RNAP weakly (e.g., promoters for some amino acid biosynthetic operons) (11) . The reduction in open complex lifetime caused by (p)ppGpp and DksA are thought to redistribute RNAP away from rRNA transcription units to other genes, such as those required for amino acid prototrophy. (p)ppGpp also is thought to increase transcriptional pausing and decrease transcript elongation rate (12, 13) . Interestingly, the (p)ppGpp regulon has previously been observed to be affected during adaptive evolution of E. coli in minimal medium (14) . Therefore, we sought to understand whether the mutations to the RNAP genes were adaptive through effects related to those previously reported for so-called "stringent" RNAPs (3), or by some other means.
Here, we describe the effects of three adaptive small deletions in RNAP at multiple levels: (i) at the physiological level through changes in growth performance, (ii) at the molecular level through changes in RNAP kinetics as measured in vitro, and (iii) at a systemic level through redistribution of the polymerase and changes in gene expression.
Results
Mutations to RNAP Genes Occurring in MG1655 During Adaptation to Glycerol Minimal Medium. Following the discovery of mutations in rpoB or rpoC in three of five fully resequenced strains of E. coli K-12 MG1655 adaptively evolved in GMM (7), an additional 45 adaptive evolution experiments of 25 d were carried out under the same condition. Targeted sequencing of selected portions of rpoB and rpoC was performed to determine the frequency and locations of mutations in RNAP genes (15) . Mutations were found in the resequenced regions of rpoB or rpoC in 37 of 45 day-25 strains. The most frequent mutation was a previously unobserved 9-bp deletion rpoC(Δ3611..3619) encoding β′Δ(V1204-R1206) (eBOP43) that occurred in 31 of 45 endpoints and that is located in the so-called jaw domain of RNAP (16) . Two endpoint strains had singlenucleotide changes in rpoB (encoding βH526Y or βE641K), and the remaining four strains had other small, in-frame rpoC deletions that all occurred in the so-called sequence insertion 3 (SI3) of E. coli RNAP (17) . β′Δ(T1045-L1053) (del27) was found in two day-25 strains; β′Δ(M1040-R1048)::I (eBOP42) and β′Δ(G1043-N1051) were each found once. The remarkable frequency of the rpoC(Δ3611..3619) mutation may be attributed in part to a 7-bp sequence that repeats with a 9-bp interval at the location of the deletion. It has been previously observed that deletions between direct sequence repeats in other parts of the rpoC gene repeatedly arise, for example, in selection for restoration of prototrophy in ΔrelAΔspoT mutants (6) .
The mutant RNAP sequences of eBOP43, del27, and eBOP42 were cloned into RNAP overexpression plasmids from which purified mutant RNAPs were prepared to study the kinetic properties of the mutant RNAPs in vitro. The mutant sequences were also recombined back into the wild-type MG1655 genome (Table 1) to study the biological effects of the mutations in isolation in vivo.
Physiology: Mutations to rpoC Increase Growth Rate in Minimal Media. Growth rates of wild-type MG1655 and the three studied RNAP mutants were determined in M9 minimal media with glycerol, glucose, or lactate carbon source, as well as in LB rich medium ( Fig. 1 and Table S1 ). The three RNAP mutants were found to grow 60% faster than wild type in GMM. Also, growth in both glucose and lactate M9 minimal media was significantly faster for all three mutants, indicating that the adaptive effect is not specific to only the glycerol carbon source, but extends to growth in minimal media with other carbon sources. In contrast, the growth rates of all three RNAP mutants decreased 17-34% relative to the wild-type strain in LB rich medium. These findings show that the RNAP mutants reflect a general adaptation to minimal media, with the tradeoff of slower growth in rich media.
We next investigated possible links between the adaptive RNAP mutants, regulation by (p)ppGpp, and an improved growth rate in GMM. A ppGpp-null derivative of the del27 mutant was constructed by introducing deletions of the relA and spoT genes. The del27ΔrelAΔspoT strain was unable to grow without amino acid supplementation, showing that del27 is not phenotypically equivalent to so-called stringent RNAP mutants that allow growth of relA − spoT − strains in minimal medium (6) . Furthermore, a previously characterized rifampin-resistant, stringent RNAP mutant [rpoB114(S531F)] (1) exhibited an unchanged growth rate in GMM vs. an isogenic MG1655 strain. In contrast, rifampin-resistant mutants not known to allow growth of relA − spoT − strains but that affect transcript elongation rate in vitro either decreased (rpoB8, which decreases elongation rate) or increased (rpoB2, which increases elongation rate) the growth rate in GMM ( Fig. 1 and Table  S1 ). Therefore, the improved growth rate of del27 RNAP mutant in GMM results from changes in properties of RNAP that differ from the classically defined stringent RNAP mutants. Conversely, nonstringent mutants (rpoB2 and rpoB8) affected the growth rate in GMM proportional to previously reported effects of these mutants on transcript elongation rate (18, 19) .
The increased growth rates of del27, eBOP43, and eBOP42 mutants in GMM may be explained either by increased overall metabolic flux or by an increase in the fraction of carbon source being converted to biomass (biomass yield). Assuming a steady state, the uptake rate of glycerol (GUR) is an indicator of the overall rate of metabolism. We found that both biomass yield and GUR increased in all three rpoC mutants (by 14-35% and by 19-40%, respectively; Table S1 ).
We made two observations that could explain the increased biomass yield in the mutants. It was previously shown that a MG1655-derived strain with an flhD mutation that causes the strain to become nonmotile has a significant growth advantage in glycerol M9 minimal medium relative to the parent strain (20) . Loss of motility in MG1655 adapted to growth in GMM has previously been observed (21) . Interestingly, we found complete loss of motility in the eBOP43 and eBOP42 mutants and slightly decreased motility in the del27 mutant (Fig. S1) . Second, when uptake of a carbon source exceeds the capability of E. coli to produce biomass, excess carbon may be excreted as acetate (22). We found that acetate appeared at a slower rate in del27 and eBOP42 growth media, and no acetate was detected in the eBOP43 growth media. Therefore, the adaptive RNAP mutations result in both a higher metabolic rate and more efficient use of the carbon source.
Molecular Biology: Adaptive RNAP Mutants Exhibit Altered Kinetics in Vitro. Alteration of transcription kinetics through an RNAP mutation may have extensive effects on the cell state, potentially resulting in faster growth. The RNAP substitutions and deletions that we identified in E. coli adapted to GMM were located mostly in the jaw and SI3 domains of the β′ subunit of RNAP (Fig. S2 ). In vitro assays have previously shown that deletion of the SI3 domain or a large portion of the jaw domain destabilizes open complexes during transcription initiation and decreases pausing during elongation (16, 17) . Thus, the location of the mutations suggested that they could affect the kinetics of transcription by RNAP.
To investigate possible effects on RNAP kinetics, we used established methods to measure open complex longevity at the rrnB P1 (rRNA) promoter (23), elongation rate (16) during transcription of rpoB, and pause half-life (24) at a well-established pause site. The mutant RNAPs exhibited a decrease in open complex longevity at the rRNA promoter ( Fig. 2A and Fig. S3A ). Relative to wild-type RNAP, the deletions in the SI3 domain decreased the open complex half-life by a factor of 4, and the deletion in the jaw domain decreased longevity by a factor of greater than 30. Despite the decrease in inherent open complex longevity, the mutant RNAPs maintained the ability to respond to the effects of the global regulators ppGpp and DksA, similar to wild type ( Fig. 2A) . Thus, relative to wild type, the mutant RNAPs would be expected to decrease initiation in vivo at promoters like rrnB P1 that are sensitive to open complex longevity regardless of the physiological activity of (p)ppGpp and DksA (i.e., at both low and high (p)ppGpp and DksA levels or activities).
To assess how the small deletions affect transcript elongation, we first tested the effects of the deletions on the overall rate of transcript elongation using a synchronized transcription assay on a linear template containing a fragment of the rpoB gene. The mutant RNAPs exhibited a modest (1.6-to 2.8-fold) increase in elongation rate relative to wild type ( Fig. 2B and Fig. S3B ). The increase in elongation rate was accompanied by decreases in prominent pauses found in the rpoB gene (Fig. S4) . The increase in apparent elongation rate could be caused by an increase in the rate of nucleotide addition, a decrease in pausing over the length of the transcript, or both (25) .
We next investigated the observed decrease in pausing by assaying the kinetics of EC escape from a well-characterized pause site in the his operon leader region. Each mutant RNAP decreased the his pause half-life by greater than a factor of 10 ( Fig. 2C) . Thus, the adaptive RNAP mutants exhibited a drastic decrease in pausing at a specific model pause site as well as generally decreased pausing in the rpoB transcription unit. Although we have not ascertained whether all possible classes of pauses are affected, our findings strongly suggest that the adaptive RNAP mutants exhibit an increased elongation rate resulting at least in part from significant decreases in transcriptional pausing. Changes to pausing and elongation rate may have compound consequences, including effects on RNA folding, transcriptional-translational coupling, transcription termination, recruitment of regulatory factors, and the general rate of transcription (26) . Kinetic changes in the mutants were similar to the previously studied SI3 and jaw deletion mutants (16, 17) . The consistency of changes to the kinetics of the mutant RNAPs suggests that these kinetic changes may be important to the adaptive properties of the mutants. A dynamic binding map of RNAP to the genome was determined for MG1655 and the del27 mutant by chromatin immunoprecipitation using mouse antibody specific to the RNAP β-subunit followed by hybridization of immunoprecipitated DNA to a wholegenome tiling array (ChIP-chip). Signal from probes covering the seven ribosomal TUs, normalized by total positive signal across the genome, is on average 15% lower in the del27 mutant vs. MG1655 (P = 0.0003; Fig. 3A) . The finding is indicative of a redistribution of the del27 RNAP from rRNA TUs to other genes.
The decreased binding of RNAP to ribosomal TUs is consistent with in vitro measurements of del27 kinetics, but is surprising given that this mutant grows 60% faster than MG1655. Previous work has estimated, for example, that the number of ribosomes per cell is approximately doubled when the growth rate of E. coli is increased 66% from 0.6 to 1.0 doublings per hour (27) . Therefore, to gauge rRNA levels we used comparative PCR with primers targeting 23S rRNA and csrB (a highly expressed gene with constant expression in the mutant strains and MG1655; Fig. 3B ). We observed no decrease, and if anything an increase in 23S rRNA in the del27 mutant. This is consistent with the increased elongation rate of the mutants at least partially compensating for the decreased binding of RNAP to ribosomal TUs.
Gene expression of the RNAP mutants in the midlog phase of growth in GMM was compared with that of wild-type using Affymetrix E. coli 2.0 GeneChips. The mutations were accompanied by up-regulation of 491, 728, and 439 transcripts and down-regulation of 492, 432, and 430 transcripts in the del27, eBOP43, and eBOP42 mutants, respectively. Of the 486 genes differentially expressed in all three datasets, 456 changes occur in a consistent direction for all three mutants. Consistent with the hypothesized redistribution resulting from transcription kinetic changes, eBOP43, which was LB rich medium relative growth rate Fig. 1 . Growth rate measurements of RNAP mutants in minimal and rich media. The growth rates of three RNAP mutants derived from E. coli adapted to growth in glycerol M9 minimal medium (del27, eBOP43, and eBOP42) and three RNAP mutants derived from rifampin-resistant E. coli were determined in triplicate in M9 minimal media with various carbon sources and in LB-rich medium. Average growth rates of mutants relative to the wild type are shown and error bars represent the SD of measurements. The glycerol-adaptive mutants grew significantly faster than wild-type in minimal media with all three tested carbon sources, but grew slower than wild-type in LB rich medium. Numerical results (absolute values) are listed in Table S1 .
seen in vitro to have a greater disruption of rrnB P1 promoter open complex longevity versus the other mutants, has more than 50% more up-regulated genes than the other mutants.
To find changes common between the mutants, we performed k-means (k = 5) clustering of the log 2 ratios of mutant expression relative to wild type averaged over the three replicates ( Fig. 3C and Table S2 ). Only genes that showed twofold or greater differential expression in at least one mutant were clustered. Although lack of knowledge about the kinetic properties of most promoters precludes linking most specific expression changes to the hypothesized redistribution of RNAP, it is of interest to speculate how the RNAP mutations increase fitness based on the functional significance of genes in these clusters. Three clusters exhibited likely functional significance, due to the presence of strongly enriched functional properties. Cluster 5 contained the most highly upregulated genes in the mutants and was enriched for genes involved in transport of zinc ions. The moderately down-regulated genes in cluster 3 were enriched for genes involved in several metabolic functions, including TCA, aerobic respiration, and amino acid biosynthesis. Cluster 2, representing strongly downregulated genes, was enriched for motility, chemotaxis, cell adhesion (fimbria and curli), and acid resistance genes. Down-regulation of these genes should provide a selective advantage in the growth environment, because their functions are costly in terms of energy but confer little or no benefit (20) .
The cell adhesion and acid resistance genes, associated with the σ S sigma factor, are strongly down-regulated in all three mutants, whereas motility and chemotaxis genes, associated with the σ 28 sigma factor, are down-regulated in only two of three mutants, consistent with the results of motility assays. Down-regulation of the σ 28 regulon is associated with a ∼50-fold reduction of fliA transcript encoding σ 28 , in the eBOP43 and eBOP42 mutants (Fig.  S1 ). Decreased open complex longevity reduces transcription of flhDC (28), a positive regulator of genes required for flagella synthesis, providing a plausible link between changes to transcription kinetics and decreased motility in the mutants. However, the del27 RNAP has similar kinetic properties to the other two mutants, but its σ 28 regulon is not strongly down-regulated, indicating that down-regulation of the σ 28 regulon is not determined solely by the intrinsic kinetic changes in the mutant RNAPs.
Discussion
Mutations to genes encoding transcription regulatory hubs have been found previously in long-term adaptive evolutions of E. coli (29) ; the mutations to RNAP genes arising in E. coli during adaption to GMM in our experiment are additional examples of an adaptive strategy that targets a regulatory hub, in this case RNAP itself. We found (i) mutations to rpoB and rpoC genes corresponding to the RNAP jaw and SI3 regions were consistently selected for during adaptive evolution of MG1655 in GMM; (ii) these mutations are adaptive for growth of MG1655 in minimal media, at the cost of slower growth in rich media; (iii) these mutations reprogrammed the kinetic parameters of RNAP by decreasing the longevity of open complexes at a promoter, by decreasing pausing, and by increasing elongation rate; (iv) gene expression profiling and the genome-wide RNAP dynamic binding map are consistent with a redistribution of the polymerase from stringently controlled TUs to other parts of the genome; and (v) the mutations caused profound gene expression changes, including strong down-regulation of acid resistance, curlin, and fimbria genes, and sometimes motility genes.
The stringent response effector ppGpp is necessary for growth in minimal media without amino acids, and mutations in genes encoding RNAP can partially mimic the effect of (p)ppGpp (socalled stringent mutants). Thus, we initially hypothesized that the adaptive mutations might be equivalent to such stringent mutants. However, we observed that a ppGpp-null derivative of del27 was unable to grow in GMM without adding amino acids, establishing that the del27 RNAP mutation differs from stringent mutants. Additionally, a previously studied Rif r stringent mutation [rpoB114 . On average, the binding signal of mutant RNAP across the seven E. coli ribosomal TUs decreased significantly versus wild-type signal (P = 0.0003). Binding maps provided evidence of increased binding of del27 RNAP to some TUs coding for amino acid biosynthetic genes, such as pheA. However, the binding map results do not necessarily correlate with transcriptomic measurements. (B) qPCR using primers for rRNA and csrB revealed no decrease in 23S rRNA content in the del27 mutant. (C) k-means clustering (k = 5) of log 2 ratios of mutant expression relative to wild-type expression is shown. Functional enrichment was determined by using the hypergeometric test (false discovery rate: 0.05) for Gene Ontology categories. (Fig. 3C and Table  S3 ) were fully consistent with the known effects of ppGpp, which changes gene expression in patterns different from those we observe for the adaptive mutations (30, 31) and which is generally observed to increase pausing and decrease elongation rate (12, 13) (opposite to that observed for the adaptive mutant RNAPs). Therefore we have ruled out the possibility that the mutations are adaptive simply because they mimic the effects of ppGpp.
We propose that the similar changes in open complex longevity and transcriptional pausing observed for all three adaptive RNAP mutants reprogram RNAP for better growth in minimal media. Decreased open complex longevity is expected to redistribute RNAP away from promoters with short-lived open complexes (e.g., rRNA promoters) and increase the use of promoters that are rate limited for RNAP engagement (e.g., amino acid biosynthetic operon promoters). This could explain the observed drastic changes to phenotype and to gene expression patterns. Decreased growth rate of the mutants in rich media and decreased binding of RNAP to ribosomal transcription units observed in a genomewide dynamic binding map of RNAP support this interpretation. However, we emphasize that this redistribution of RNAP is paradoxical, given that the mutations increase growth rate, and that the rate of rRNA synthesis and consequent production of ribosomes exhibits a near-universal positive correlation with growth rate (27) . The decrease in transcriptional pausing and increase in elongation rate, properties that distinguish the adaptive RNAP mutations from stringent mutations, may help compensate for the redistribution of RNAP away from ribosomal TUs and explain why no decrease in rRNA level was observed despite the reduced open complex longevity that classically decreases rrn transcription. Although antitermination proteins loaded on RNAP just downstream of rrn promoters increase the rate of transcript elongation in rrn genes to ∼80 nt/s in minimal glucose media (32), these antitermination proteins can be gradually lost as evidenced by existence of a second "boxA" loading site midway through rrn transcription units (33) . Even a few pause-susceptible RNAPs are proposed to slow rRNA synthesis significantly by "roadblocking" other RNAPs (34) . The adaptive mutations may reduce pausing by these nonantiterminated RNAPs and thereby increase rRNA synthesis by reducing the roadblocking effect on overall rrn gene transcription. By reprogramming RNAP with specific kinetic properties, the adaptive mutations may increase the amount of RNAP available for transcription of key genes that correspond to bottlenecks for biomass production in minimal medium. Identifying such genes will be experimentally challenging, but could be done by using genome-scale fitness profiling (35) .
Although speculative, we suggest two possible bottlenecks. Despite the down-regulation of several amino acid biosynthetic genes, cysE, cysM, ilvD, and ilvM genes are up-regulated in the three studied adaptive mutants; this could indicate that cysteine or isoleucine synthesis is limiting for the growth rate in GMM. Pyrimidine biosynthesis may represent another important bottleneck to be overcome in GMM. Interestingly, the rpoB2 mutant found to have a growth advantage in GMM was previously found to relieve the pyrimidine defect of MG1655 by decreasing attenuation within the rph-pyrE operon (36) . However, expression of the pyrE gene was not observed to change in the three glyceroladaptive mutants, so it is not immediately clear that these RNAP mutations are adaptive through effects on the pyrimidine biosynthetic pathway. The possible consequences of a redistribution of RNAP resulting in adaptation are intriguing, and require further investigation.
These reproducible RNAP gene mutations are striking because they exert complex effects on the cellular phenotype, resulting in large fitness gains in GMM. Our recent work in which we resequenced wild-type E. coli adapted to lactate minimal medium (37) and a phosphoglucoisomerase mutant adapted to glucose minimal medium has continued to show the importance of mutations to the RNAP genes in adaptive evolution of E. coli, with mutations observed in rpoA, rpoB, rpoC, and rpoS. Future efforts will continue to build on understanding of the ability of mutations to the RNAP genes to adaptively rewire the transcription network of bacteria.
Materials and Methods
Adaptive Evolutions. Forty-five parallel adaptive evolutions of E. coli K-12 MG1655 were performed over 25 d in 2 g/L GMM at 30°C as previously described (7).
Targeted Resequencing. Primers were designed to amplify gene positions 904-2,085 and 2,680-3,974 of rpoB and rpoC, respectively. DNA was isolated from day-25 adaptive evolution endpoints, and selected regions were amplified using ExTaq DNA polymerase (Takara). Sanger sequencing was performed by EtonBio (San Diego).
Cloning of rpoC Mutants. The rpoC mutant alleles were cloned into the pVS7 vector. See SI Materials and Methods for details.
Kinetic Assays. The in vitro elongation rate, open complex half-life, and pause half-life were determined as described previously (16, 23, 24, 38, 39) . Details are included in SI Materials and Methods.
Site-Directed Mutagenesis and Knockouts. A scarless form of site-directed mutagenesis, "gene gorging" (7, 40) , was used to introduce the rpoC mutations from three glycerol M9 adaptive evolution endpoints into a wildtype E. coli K-12 MG1655 background. Knockouts of the relA and spoT genes were made and confirmed using the method of Datsenko and Wanner (41).
Gene Expression. Twelve microarrays were analyzed in total. Samples from triplicate flasks of E. coli K-12 MG1655 and the three mutant knockins were collected by diluting into a 2× volume of RNA Protect when the cells reached midlog phase of growth (OD A 600 ≈ 0.3) in GMM at 30°C. RNA was extracted, synthesized into cDNA, fragmented using DNase I, labeled with biotin using terminal transferase and DNA Labeling Reagent (Affymetrix), and hybridized to Affymetrix E. coli 2.0 GeneChips using Affymetrix's suggested protocol. Raw data have been deposited in NCBI's Gene Expression Omnibus database (42) and are accessible through GEO Series accession no. GSE15500. Microarrays were normalized using the method of Wu et al. (43) . For each RNAP mutant, all active transcripts were determined by comparing against a set of 20 negative controls on the arrays (two-sample t test; false discovery rate: 0.05). Genes that were significantly expressed in neither the mutant nor wild-type strain arrays were removed from the dataset and not considered in further analyses.
Computation of Differential Expression. For each mutant, the grand mean was subtracted from all genes within the union of active transcripts between the mutant and the wild-type arrays. Differential expression was then computed with a permuted two-sample t test. The significance cutoff was set at 1.5-fold changes and a false discovery rate of 0.03, determined using the method of Storey et al. (44) .
ChIP-chip. Detailed methods are included in SI Materials and Methods. Briefly, triplicate GMM MG1655 and del27 mutant batch cultures in GMM were harvested during midlog growth phase (OD A 600 ≈ 0.3) and crosslinked using formaldehyde. Cell pellets were washed with TBS and treated with lysozyme. The lysate was sonicated and centrifuged. The lysate was incubated with either anti-RpoB mouse antibody or mock (normal) mouse antibody. Immunoprecipitated complexes were purified using Dynabeads Pan Mouse IgG (Invitrogen). After reverse cross-linking, samples were treated with RNaseA (Qiagen) and proteinase K solution (Invitrogen), and then purified with a PCR purification kit. Before shipment to NimbleGen (Reykjavík, Iceland) where sample labeling, hybridization to genomic tiling arrays, and visualization steps were carried out, gene-specific quantitative PCR was carried out for promoter regions of gapA, tpi, fbp, pgi, and dmsA using the isolated DNA samples as template to confirm immunoprecipitation quality.
Data files in .gff format were received from NimbleGen containing biweight mean-normalized log 2 ratio of anti-RpoB signal relative to mock signal. To quantify relative binding of RNAP to ribosomal transcription units, the sum of average binding signal across probes representing seven ribosomal transcription units was normalized by the total binding signal across the genome.
